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doi: 10.1016/j.bpj.2011.02.022HU is the most abundant and possibly most important
nucleoid-associated protein (NAP) in determining prokary-
otic chromosome structure (1,2). Like most NAPs, little is
currently known about the both the function and distribution
of HU in bacterial cells. HU is typically a 20-kDa hetero-
dimer structure consisting of HU1 and HU2 in Caulobacter
crescentus and HUa and HUb in Escherichia coli, although
homodimers are known to form in both species. HU nonspe-
cifically binds both double-stranded and single-stranded
DNA. Various studies have addressed the numerous roles
of HU in chromosomal partitioning (3) and in the coordina-
tion of transcription by HU in E. coli (4).
It was shown with epifluorescence that DAPI and HU co-
localize in the E. coli chromosome (5). In addition, transmis-
sion electronmicroscopywas used to study the distribution of
gold-colloid-labeled HU in E. coli, and it was found that HU
preferentially associates with ribosomal sections of the chro-
mosome (6). Despite these studies, the molecular distribution
of HU in bacterial cells remains poorly understood, and
compared with E. coli, even less is known about the role of
HU in dictating chromosomal structure in C. crescentus,
which is an important model organism for the study of asym-
metric cell division via protein localization (7). One of the
reasons that the cell biology of the NAPs is inadequately
understood is that the physical size of bacterial cells is approx-
imately that of the diffraction limit for visible light (~250 nm),
rendering quantitative imaging of bacterial protein distribu-
tions in standard confocal or wide-field optical microscopy
nearly impossible (8,9). By imaging and localizing fluores-
cently-tagged HU molecules to 11-nm precision one at
a time, we can circumvent the diffraction limit and obtain
super-resolution (SR) images of the HU locations (10–12).SR imaging of HU2-eYFP was achieved by exploiting the
intrinsic photophysical properties of the fluorescent protein,
namely the photoinduced blinking of single eYFP from dark
to fluorescent states through the use of high laser irradiance
(13). eYFP has been reported to display a complicated array
of photophysical phenomena including blinking and photo-
switching (9,14). The imaging was performed on an inverted
model No. IX71 microscope (Olympus, Melville, NY) with
the514-nmlineof anArþ laser (9) as a single excitation source.
By driving the majority of molecules into transient dark states
with high-intensity pumping (4–6 kW/cm2), it was possible to
image in each frame a low concentration of single eYFPwhich
were separated by more than the diffraction limit (~250 nm).
Fig. 1 A shows subsequent 10-ms frames from a typical raw
data set. A careful balance of exposure time and irradiance is
needed to ensure that molecules are separated by more than
the diffraction limit. The majority of molecules were fluores-
cent for a single imaging frame (97%). To arrest the motion
of individual HU2-eYFP molecules (15), the cells were fixed
using 4% formaldehyde (see the Supporting Material).
There are three morphologically distinct cell types in the
C. crescentus cell cycle: flagellated swarmer cell, stationary
stalked cell, and predivisional cell. Predivisional cells go on
to divide asymmetrically to yield daughter swarmer and
stalked cells. Fig. 1 B shows a diffraction-limited (DL) image
of HU2-eYFP in a swarmer cell. The fluorescence intensity is
mostly uniform throughoutmost of the cell. Fig. 1C shows the
FIGURE 2 (Color) Representative SR imaging of HU2-eYFP at
different stages in the C. crescentus cell cycle. (A) SR image
of a swarmer cell with corresponding L-test plots and DL
epifluorescence image (inset). The blue line (upper) corre-
sponds to the data and the red lines (center) to the CSR simula-
tion (with upper and lower red lines corresponding to the 95%
confidence intervals). (B) Same as panel A but for a stalked
cell. In both swarmer and stalked, the distribution of HU2-
eYFP is only slightly clustered compared to CSR. (C) Significant
clustering of HU2-eYFP in predivisional cells can be observed
both in the SR image and in the large deviation between the L
function for the data compared to the simulation.
FIGURE 1 (Color) SR imaging of HU2-eYFP in fixed
C. crescentus. (A) Frames of raw data (10 ms each) showing
the blinking of eYFP achieved through the use of a single
514 nm laser. (B) A diffraction-limited (DL) image of HU2-eYFP
with a white light transmission image in the inset. (C) SR image
of HU2-eYFP. (D) Monte Carlo simulated image of a random
distribution of molecules inside a model cell volume (inset).
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Each localized molecule is plotted as Gaussian with fixed
amplitude and standard deviation of 10.7 nm, defined by the
mean statistical localization precision in these experiments
(16). Fig. 1 D shows a two-dimensional projection of
a three-dimensional Monte Carlo simulation of completely
spatially random (CSR) points within a simulated cell. For
each cell, the simulation was performed by generating
a three-dimensional volume derived from a two-dimensional
binary mask of the DL fluorescence image (inset, Fig. 1 D)
where the number of points sampled from this space was set
equal to the actual number of localizations achieved for
each individual cell. The result was then projected back to
twodimensions for comparison (see the SupportingMaterial).
In SR imaging, each point in the reconstruction is the loca-
tion of an individual molecule. Even though we did not
resolve a structure in Fig. 1 C, we can use the subdiffraction
localizations in the image to quantify the distribution of
molecules through methods derived from spatial-point-
statistics. In this article, we have used a modified form of
Ripley’s K-test (17,18). The K function is calculated by
counting the mean number of points encountered from
a single point to a circular area of radius r for all points in
the field of view. For two-dimensional CSR, the K function
is quadratic in r. Because visualization of quadratic functions
is not as intuitive to a viewer as deviations from a straight line,
the K function is often recast into what is referred to as the
L function, which in two dimensions is calculated as
LðrÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
KðrÞ=p
p
:
For the case of CSR, L(r)-r is a horizontal line located at
zero; full details of the calculation of L are provided in the
Supporting Material. One of the main reasons the K-test
family of functions is widely used is because of their easeBiophysical Journal 100(7) L31–L33of interpretation; values of L(r)-r that are below the random
simulated case indicate that the data is regular, or periodic.
Values of L(r)-r above the simulated case indicate clustering.
For our case here, the simulated functions are not
completely flat (ostensibly ‘‘random’’) for two reasons:
1. The data is a two-dimensional projection of a three-
dimensional distribution, and
2. Edge-effects on the scale of 0–200 nm can be important
because the width of the whole cell is only 500–800 nm.
Molecules near the edge have fewer neighbors thanmolecules
in the center, which is manifested in an ‘‘apparent’’ clustering
as the aspect ratio increases. This reiterates the importance of
the three-dimensional simulation data as a fairer test of CSR.
Fig. 2, A and B, shows representative data obtained from
swarmer and stalked cells which have an approximately
uniform distribution of HU2-eYFP. For the L(r)-r plots in
Fig. 2, the blue line is the calculated L function from the
data, the middle red line is the mean of 100 CSR simula-
tions, and the red lines above and below the middle line
are 95% confidence intervals determined from the simula-
tion. All stalked and swarmer cells observed were slightly
clustered. The amount of deviation from the simulation indi-
cates the degree of clustering. The slight clustering is
possibly due to the previously published result that HU is
more often found in areas of the chromosome associated
with ribosomes and metabolic activity (6).
Biophysical Letters L33From the plots, it can be seen that the maximum deviation
occurs at ~80 nm, and the line is above the 95% confidence
interval for the simulation, indicating statistically significant
clustering. The radius of maximum deviation can be used to
assess the length scale of the clusters (19), although because
thesedata are not a distribution inan infinite plane, it is difficult
to extract precise cluster sizes from the L(r)–r plots. Because
these tests have not been widely applied to SR data, several
computational and experimental controls were performed to
ensure that the slight clustering is real and not due to imperfect
modeling or artifacts in the data. For example, we have found
that the statistical localization precision of the measurement
did not have a major effect on the L(r)-r plots. In addition,
when using eYFP as a fluorophore, there is the possibility
that not every tagged molecule will be observed (undersam-
pling) or that one molecule will be counted more than once
(oversampling). Neither of these effects can explain the
observed clustering (see the Supporting Material). As
a control, imaging a bacterial strain that contained only cyto-
plasmic diffusing eYFP yielded L(r)-r data in complete agree-
ment with the CSR simulations (see the SupportingMaterial).
In predivisional cells, clusters were often observed near
the midpoint of each nascent daughter cell (e.g., Fig. 2 C).
We scored a cell as predivisional through the appearance of
an invagination in the transmission images. The clusters
were fit to a Gaussian function to extract an average
FWHM size of 1505 40 nm. In 48% of predivisional cells,
the clusterwas observed in only one of the two daughter cells.
The L(r)-r functions in Fig. 2C for each cell (blue line) show
dramatic deviation from simulation (red line), indicating
a high degree of clustering. Of particular note is the fact
that the cluster in the lower part of the cell is far more visible
in the SR point sampling image as compared to the conven-
tional diffraction-limited image in the inset, and this high
contrast illustrates a key advantage of the method.
In addition to the clusters, uniformly and randomly distrib-
uted HU2-eYFP was observed in the areas of the cell
surrounding the cluster. The observed clusters are not artifacts
due tofixation because clusterswere also observed in live cells
(see the Supporting Material). Due to the high affinity of HU
binding toDNA (2–200 nM), it has been previously suggested
that HU be used as a marker of the bacterial chromosome (5).
Thus, the data in Fig. 2Cmay indicate that the chromosome is
clustered around the midpoint of the cell during division.
In vitro, it was shown that HU and related mutants can affect
the shape of nucleoids (2). Comparing Fig. 2C to its inset, it is
clear that the ability of SR imaging combined with spatial
point statistics to quantify molecular distributions (with high
sensitivity and contrast) should be useful in the future study
of bacterial protein localization patterns.
SUPPORTING MATERIAL
Further examples of SR images, L-tests on stalked and swarmer cells,
controls, and simulation details are available at http://www.biophysj.org/
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